Understanding how climate influences ecosystems is complicated by the many correlated and interrelated impacting factors. Here we quantify climate effects on Calanus finmarchicus in the northeastern Norwegian Sea and southwestern Barents Sea. By combining oceanographic drift models and statistical analyses of field data from 1959 to 1993 and investigating effects across trophic levels, we are able to elucidate pathways by which climate influences zooplankton. The results show that both chlorophyll biomass in spring and C. finmarchicus biomass in summer relate positively to a combination of shallow mixed layer depth and increased wind in spring, suggesting that C. finmarchicus biomass in summer is influenced by bottom-up effects of food availability. Furthermore, spatially resolved C. finmarchicus biomass in summer is linked to favorable transport from warmer, core areas to the south. However, increased mean temperature in spring does not lead to increased C. finmarchicus biomass in summer. Rather, spring biomass is generally higher, but population growth from spring to summer is lower, after a warm compared with a cold spring. Our study illustrates how improved understanding of climate effects can be obtained when different datasets and different methods are combined in a unified approach.
Understanding how climate influences ecosystems is complicated by the many correlated and interrelated impacting factors. Here we quantify climate effects on Calanus finmarchicus in the northeastern Norwegian Sea and southwestern Barents Sea. By combining oceanographic drift models and statistical analyses of field data from 1959 to 1993 and investigating effects across trophic levels, we are able to elucidate pathways by which climate influences zooplankton. The results show that both chlorophyll biomass in spring and C. finmarchicus biomass in summer relate positively to a combination of shallow mixed layer depth and increased wind in spring, suggesting that C. finmarchicus biomass in summer is influenced by bottom-up effects of food availability. Furthermore, spatially resolved C. finmarchicus biomass in summer is linked to favorable transport from warmer, core areas to the south. However, increased mean temperature in spring does not lead to increased C. finmarchicus biomass in summer. Rather, spring biomass is generally higher, but population growth from spring to summer is lower, after a warm compared with a cold spring. Our study illustrates how improved understanding of climate effects can be obtained when different datasets and different methods are combined in a unified approach.
bottom-up control | Calanus finmarchicus | climate | ecosystem dynamics | zooplankton C limate change and variability have been correlated to various responses in zooplankton phenology, distribution, abundance, and composition (1, 2) , but the controlling mechanisms behind the associations are often elusive. For example, a change in temperature might directly affect zooplankton physiology (3) or indirectly influence zooplankton through effects on their prey (4) or ecosystem trophic structure (5) . To make realistic projections of climate effects on marine ecosystems, there is a need for improved understanding of the mechanisms by which climate affects the different trophic levels.
The Atlantic waters of the Norwegian Sea-Barents Sea (NS-BS) host a highly productive ecosystem including several large fish stocks of high socioeconomic importance (6) . The area experienced increased water temperatures during the past decades (7) and is, like other high-latitude regions, predicted to warm substantially throughout the 21st century (8) . Climate simulations further suggest globally increased ocean stratification, accompanied by decreased primary production in temperate regions but increased primary production in the subarctic (including the Barents Sea) (9, 10) .
Calanus finmarchicus dominates mesozooplankton biomass and is an important predator on phytoplankton throughout the North Atlantic (11, 12) . In the NS-BS, young stages of C. finmarchicus are preyed upon by larvae of demersal fish, and older stages are preyed upon by various pelagic stocks (12, 13) . Several studies have indicated that C. finmarchicus in the NS-BS is top-down controlled, particularly by Barents Sea capelin (14) (15) (16) and Norwegian spring spawning herring (17, 18) . Consistent effects of climate or food availability have on the other hand rarely been demonstrated in situ (19) (20) (21) .
Investigating environmental effects on zooplankton dynamics from field data is challenging due to the influence of advection (22) . Individual-based particle tracking models are considered a valuable tool to incorporate the role of advection (23) , but although the results of such models commonly are compared and calibrated with observation data, they are rarely directly used in statistical analyses of observation data (but see refs. [24] [25] [26] .
In this study, we combine spatially resolved data on C. finmarchicus from biannual surveys in the NS-BS from 1959 to 1993 ( Fig. 1) with particle tracking to disentangle the mechanisms behind climate effects on zooplankton. Specifically, we aim to understand how C. finmarchicus biomass in summer (the second survey each year) is influenced by (i) advection from observed distributions in spring (the first survey) and variation in (ii) temperature, (iii) mixed layer depth (MLD), and (iv) wind (a proxy for mixing and turbulence) in spring. For this purpose, we simulated the drift of C. finmarchicus from spring to summer and used environmental conditions along drift trajectories in spring, according to an ocean model hindcast (27) , in a statistical analysis of observed summer biomass. Furthermore, we investigated how these environmental conditions influence (i) year-to-year variation in C. finmarchicus summer biomass and (ii) ambient chlorophyll (Chl) in spring, a proxy for food availability.
We show how combining state-of-the art drift modeling, spatial statistical analyses, and time series analyses of long-term survey data can improve our understanding of the mechanisms behind climate effects in marine systems. By investigating effects across Significance Underlying mechanisms behind observed associations between zooplankton dynamics and climate are often unclear. We investigate how drift patterns, temperature, mixed layer depth, and wind influence the biomass of Calanus finmarchicus, a dominant North Atlantic copepod. To address the underlying mechanisms, we include drift modeling results in statistical analyses of survey data, analyze spatial and interannual variability, and investigate effects across trophic levels. Chlorophyll biomass in spring and C. finmarchicus biomass in summer relate positively to shallow mixed layer depth and high wind speed in spring, suggesting climate effects on zooplankton through food availability. High temperatures increase C. finmarchicus biomass in spring but not summer. The results imply how climate change might influence future feeding conditions for predators on zooplankton.
trophic levels, we highlight how changes in water column properties can influence food conditions for zooplankton and in turn the zooplankton biomass available as prey for higher trophic levels.
Results
Using spatial statistical analysis (Table 1) we found a significant positive effect of ambient temperature in spring on local-scale C. finmarchicus biomass in summer (Fig. 2B) . A C. finmarchicus influx term ( Fig. 2A) quantified the expected C. finmarchicus distribution in summer based on observed distributions in spring and drift from spring to summer simulated by tracking particles in an oceanographic model. Furthermore, there was evidence for an interaction effect between MLD and wind speed in spring on C. finmarchicus biomass in summer, formalized as a linear effect of wind, where the slope of the linear effect varied smoothly with the MLD.
A corresponding interaction effect of wind and MLD was found in a time series analysis (Table 1 ) of the effects of mean values of C. finmarchicus biomass and environmental variables in spring on mean C. finmarchicus biomass in summer. In both the spatial and the time series analysis, biomass in summer was higher for the combination of high wind speed and shallow MLD in spring, with the effect being statistically significant (P < 0.05) in the spatial analysis ( Fig. 2 C and F) . At deep MLD, increased wind was not associated with higher biomass. The lowest biomass was observed with the combination of shallow MLD and low wind (Fig. S1 ).
Year-to-year variation in summer biomass was positively related to biomass in spring but negatively related to high mean temperatures in spring ( Fig. 2 D and E) . The negative effect of temperature was only present when spring biomass was accounted for, indicating that summer biomass was not statistically different after warm or cold springs. An alternative model where the difference between the mean values of spring and summer biomass was a function of mean spring temperature also indicated a negative association (P < 0.05) with temperatures above ∼4.5°C. Table 1 . Statistical models used in the spatial and time series analyses of C. finmarchicus biomass in summer and the analysis of chlorophyll biomass in spring
Equation
No.
Symbol Explanation
Spatial analysis of C. finmarchicus biomass Z l,t Summer biomass in location l, time t Additive model:
Model with interaction: 
Model with interaction: Specifically, at higher spring temperatures, the overall increase in biomass from spring to summer approached zero.
A spatial statistical analysis of Chl biomass in spring (Table 1 ) also showed a positive association with the combination of increased ambient wind and shallow MLD, whereas at deep MLD, the effect of wind on Chl biomass was negative ( Fig. 2H and Fig.  S1 ). The effect of temperature was statistically nonsignificant (P > 0.05). Models including an interaction between MLD and wind were superior to purely additive models in the analyses of both Chl biomass in spring and spatial and year-to-year variation in C. finmarchicus biomass in summer ( Table 2 ). The additive effects of MLD and wind in spring on zooplankton biomass in summer were statistically nonsignificant (P > 0.05), whereas Chl biomass in spring was negatively associated to deep MLD and to low wind speed (Fig. S2) .
The spatial and temporal variability of the variables included in the analyses of C. finmarchicus biomass are illustrated in Fig.  S3 . In short, the spatial patterns in C. finmarchicus summer biomass, simulated C. finmarchicus influx, and temperature at back-calculated positions in spring were relatively consistent between years, with highest values in the southwestern parts of the study area. MLD and wind, on the other hand, showed few consistent spatial patterns but varied strongly among years across the study area (Table S1 ).
Discussion
Lower trophic levels have typically been viewed as bottom-up controlled (28, 29) , but several studies have demonstrated that top-down control might be important in cold, species-poor systems (30, 31) . To project population responses to climate change, it is vital to understand the controlling mechanisms, but empirical evidence for either bottom-up or top-down control of zooplankton in the NS-BS has been elusive (15) . Here we show that a combination of temperature, drift, and water column properties can influence the dynamics of C. finmarchicus in the NS-BS from spring to summer. Although there is uncertainty associated with these results (Materials and Methods), the similar shapes of the MLD-wind interaction effect on both Chl biomass in spring and C. finmarchicus biomass in summer strongly suggest bottom-up effects of food availability.
The phytoplankton spring bloom in the Atlantic waters of the NS-BS primarily depends on a temperature-driven stabilization of the water column (32, 33) (but see ref. 34 ). Large blooms typically take place when the MLD is shallower than 40-60 m (32); thus, our spring data generally cover a period when the MLD is stabilized and nutrient availability might limit phytoplankton growth. Our results indicate that the combination of shallow MLD and increased wind in spring positively influences Chl biomass in spring and C. finmarchicus biomass in summer. This might reflect an optimal compromise between water column stability, keeping phytoplankton mostly within the photic layer, and wind-induced mixing, renewing the nutrient supply for phytoplankton growth (Fig. 3) . A prolonged, less intense phytoplankton bloom can increase the temporal overlap between phytoplankton and zooplankton production and allow zooplankton to graze more efficiently than during a short, intense bloom (35, 36) .
Wind-induced turbulence can also influence contact rates between zooplankton and their prey (37) and predators (38) . However, the similar shapes of the MLD-wind interaction across trophic levels suggest bottom-up effects on productivity rather than encounter rates. Nonetheless, it should be noted that although we found a statistically significant effect of wind in the spatial analysis and not in the time series analysis, the wind fields varied more 3 )] in spring. The predictors include (A) influx of particles representing C. finmarchicus advected from estimated distributions in spring, (B, E, and G) temperature in spring, (D) mean C. finmarchicus biomass in spring, and (C, F, and H) a varyingcoefficient interaction effect between wind and MLD. The y axes in C, F, and H show the change in the response variable per unit change in wind (m/s), dependent on MLD. The estimated effect of MLD at different wind levels is shown in Fig. S1 . The rug along the x axis indicates the location of observations. Significant associations (P < 0.05) are marked with asterisks. Table 2 . Comparison of the predictive power (GCV/AIC) and variation explained (adjusted R 2 ) for purely additive models and models including an interaction between MLD and wind in the spatial (models 1a and 1b) and time series (models 2a and 2b) analyses of C. finmarchicus summer biomass and the analyses of Chl biomass (models 3a and 3b) between years than in space. Although this difference might have arisen by chance, it might also indicate that the wind effect is spurious or a proxy for something else acting at a local scale.
Temperature appears to have different effects on C. finmarchicus biomass on local and regional scales. Although spatially resolved biomass was positively linked to temperature at back-calculated positions in spring, year-to-year variation in summer biomass was negatively related to mean spring temperature but only if mean spring biomass was accounted for. It appears that in warm springs, biomass levels tend to be relatively high (as evidenced by a positive temperature−biomass correlation; Table S2 ), but relative growth from spring to summer is reduced. Kvile et al. (20) also showed that associations between ambient temperature and abundances of early copepodite stages of C. finmarchicus were positive in spring but negative in summer, likely due to an earlier abundance peak. Further biomass growth after a warm spring might be limited by (i) competition for food, (ii) predation by planktivorous fish or other predators removing surplus production (39) , and/or (iii) earlier descent to overwintering. Manteifel (40) reported reduced C. finmarchicus biomass in Barents Sea areas with mass development of ctenophores, which occurred earlier during warm years. Also, it was noted that C. finmarchicus descended earlier to overwintering after high temperatures in June. Kvile et al. (20) , however, did not find indications of temperature effects on the depth distribution of C. finmarchicus at the time of the summer survey (see also SI Materials and Methods).
The positive association between spatially resolved biomass in summer and back-calculated temperatures in spring is likely reflecting not a causal relationship but rather that more C. finmarchicus originate from relatively warm areas (Fig. 3) . The warmer, southwestern areas within our study region are near the core areas for C. finmarchicus in the Norwegian Sea, and higher C. finmarchicus biomass in summer downstream of these core areas (i.e., where influx from these areas is highest) leads to a positive association between spring temperature and spatially resolved C. finmarchicus biomass in summer. Nonetheless, it is well established that temperature might directly (41, 42) or through temperature effects on food availability (43) influence C. finmarchicus growth rate and egg production. The observed relationship mostly reflects temperature−abundance associations for stages CIV-CV, which dominate biomass in summer. Considering that it takes around 40 d from egg to CIV at typical ambient temperatures in the NS-BS (41), these stages are likely spawned in late April or May, depending on the sampling day in summer. The environmental variables are recorded during this period in spring; thus, the observed associations might reflect effects on egg production by the parent generation or on early growth conditions for copepodites sampled in summer. However, most field studies to date have indicated that food availability is more important for C. finmarchicus egg production than direct effects of temperature (12, 44) ; in particular, phytoplankton availability seems to benefit egg production (45) . In light of the negative association between mean spring temperature and yearto-year variation in summer biomass, we hypothesize that the locally positive temperature−biomass association is driven by the spatial patterns in C. finmarchicus biomass in spring, with higher biomass in warmer, southwestern areas.
Global primary production is predicted to decrease due to enhanced stratification (8, 46) , a trend already observed at midlatitudes and low latitudes (47) . At high latitudes, increased stratification might strengthen the coupling between phytoplankton production and zooplankton ingestion, increasing zooplankton biomass in late winter/early spring (48) . Our results indicate that later in spring and summer, wind-induced mixing is important to maintain high zooplankton biomass. Climate effects on zooplankton also affect their predators. In spring and summer in the NS-BS, C. finmarchicus is an important prey for larvae and juveniles of the world's largest cod stock (Gadus morhua) (49), which is of high ecological and economic importance. Cod larval survival, which is believed to be critical in determining year class strength (50) , likely benefits from a prolonged spring bloom increasing the overlap between larval and zooplankton production (51) . Enhanced stratification might improve food availability for cod larvae and other predators on zooplankton at high latitudes in spring, but according to our findings, conditions in summer are more unpredictable, in part due to the uncertainty in future wind fields (52, 53) .
Our results also demonstrate how C. finmarchicus biomass in the NS-BS depends on influx from warmer, southwestern areas. The Atlantic Meridional Overturning Circulation will likely weaken in the future, although the level of change is uncertain (8) . This could contribute to both overall reduced plankton biomass in the North Atlantic (54) and reduced transport of plankton onto the NS-BS shelf regions (55) . Understanding climate effects on water column stability, wind fields, and ocean circulation, in addition to temperature, will therefore be important to foresee future conditions for zooplankton as well as animals dependent on zooplankton for dinner.
Materials and Methods
Zooplankton Data. Zooplankton data were collected in spring (April-May) and summer (June-July) from 1959 to 1993 by Knipovich Polar Research Institute of Marine Fisheries and Oceanography (11) . Samples were collected with a Juday net (37-cm opening diameter and 180-μm mesh). Developmental stages of C. finmarchicus were recorded as individuals per m 3 , and total biomass (mg wet weight per m 3 ) was estimated from stage-specific individual weights (56) . The survey covered the northeastern Norwegian Sea and southwestern Barents Sea (Fig. 1) and depth layers ∼0-50 m, 50-100 m, and 100 m to the bottom. There was some variation in the stations sampled between years, and no C. finmarchicus data were available from spring 1967 or summer 1980, 1990, 1991, and 1993 .
Modeling Drift from Spring to Summer. We modeled plankton drift from spring to summer each year with available C. finmarchicus data from both seasons. Particles representing a certain unity of biomass were tracked from spring to summer using a Lagrangian particle-tracking model (57) , forced by a numerical ocean model hindcast archive (27) . The archive was constructed with the use of the Regional Ocean Modeling System (58) and provides hydrographic information for the NS-BS at daily intervals from 1959, with 4 × 4 km horizontal resolution and 32-layer terrain-following vertical resolution.
We released particles within the survey area ( Fig. 1) with an initial distribution based on the spring survey observations. Specifically, we extracted predictions from a generalized additive mixed model (59) describing spatial variation in C. finmarchicus biomass in spring. The model accounts for Fig. 3 . Schematic presentation of the results from the spatial analysis. The combination of high temperature in area of origin, high wind, and shallow MLD in spring is associated with high C. finmarchicus biomass in summer (solid arrow), whereas alternative combinations of temperature, MLD, and wind are associated with medium or low summer biomass (dashed or dotted arrows). variation in space, time (day of year), and depth and includes three random effects which capture overall year-to-year variation in biomass and yearly anomalies in the spatial patterns (SI Materials and Methods). We extracted year-specific predictions for all 25,831 grid cells in the release area, at the median sampling day in spring (May 12) and three depths: the median sampling depth (27.5 m), 10 m, and 40 m. Each year, we released 100,000 particles. Thus, although the number of particles was not weighted by total biomass in spring, their spatial distribution was influenced by both general patterns and year-to-year variation in spring observations. After release, particles drifted at their fixed depths until summer, when they were sampled at the day and position of summer survey stations (by counting the simulated particles located within a 20-km radius of the station at the given day). At each day of drift, we stored information about the particles' positions, ambient sea temperature (at 27.5 m), MLD, and wind speed (at 10 m above the surface). MLD was defined as the depth where the difference in density (calculated from temperature and salinity profiles) from the surface layer was 0.125 kg/m 3 (60) . For a fully mixed water column, MLD was set at 250 m, or at the local bottom depth if this was less than 250 m.
Statistical Analyses. We used the output from the particle tracking in a spatial statistical analysis of the effects of environmental variation in spring on observed summer biomass of C. finmarchicus. The response variable was spatial observation data on C. finmarchicus biomass in summer, and the explanatory variables included the number of particles sampled in a station, quantifying C. finmarchicus influx, and the average temperature, MLD, and wind experienced by these particles during the first week of drift (May 12-18). We used a fixed week to ensure that the environmental variables represented equally long time periods for all samples (the sampling day differed between stations). We also tested to average the environmental conditions from the release date to the first day of the summer survey (June 1, 18 d). Averaging over the first week of drift instead of 18 d improved the models, and we present the results using the first week here (see Caveats for further details).
We first modeled spatial variation in summer biomass as a function of smooth additive effects of C. finmarchicus influx (i.e., particle influx) and temperature, MLD, and wind speed at back-calculated positions in spring (equation 1a in Table 1) . A random year effect was included to account for interannual variation in spring biomass and interannual variation in population growth from spring to summer (which was addressed in a separate time series analysis). We also tested a number of alternative models with interactions, including varying coefficient models (61) where the effect of one covariate is assumed to be linear for any given value of a second covariate, but the slope of the effect varies smoothly with the second covariate. We tested 12 plausible interactions among effects of C. finmarchicus influx, temperature, MLD, and wind and proceeded with a varying coefficient model with a linear effect of wind (centered at zero) varying smoothly as a function of MLD (equation 1b in Table 1 ). Only the interaction between MLD and wind was statistically significant and improved the model compared with a simple additive formulation.
We conducted a time series analysis testing the effects of year-to-year variation in temperature, MLD, wind, and C. finmarchicus biomass in spring on year-to-year variation in C. finmarchicus summer biomass. As in the spatial analysis, we tested a purely additive model (equation 2a in Table 1 ) and a varying-coefficient model with an interaction between the effects of MLD and wind (equation 2b in Table 1 ). The construction of yearly indices of spring and summer biomass, temperature, MLD, and wind is described in SI Materials and Methods (see also Fig. S4 ). In all of the statistical models of summer biomass (equations 1a, 1b, 2a, and 2b in Table 1 ), we only included samples from the upper water layer because this represented the bulk of the biomass (around 50-60%; SI Materials and Methods) and the most complete data coverage. All samples from depths <60 m were included in this category. Furthermore, we excluded some observations in the area's southern boundary (south of 69.74°N; Fig. 1 ), where, due to the northward currents, particle influx likely underestimated the potential drift into the station (SI Materials and Methods).
To explore if the relationships inferred from the analyses above could reflect food availability, we analyzed the effects of temperature, MLD, and wind in spring on Chl biomass. Remotely sensed Chl data from the NS-BS are not available at a regular scale before 1998, but with ocean model hindcast data until 2011, we could investigate relationships between the physical variables and spatially overlapping Chl. We downloaded Chl biomass data (mg/m 3 ) from 1998 to 2011 in the NS-BS from the GlobColour Project (www.globcolour.info), specifically, the global GSM-merged product for oceanic water (62) , at daily intervals and 25 × 25 km horizontal resolution. For each grid cell and year, we averaged Chl during the same week in spring as used in the analyses of C. finmarchicus biomass (May 12-18; Fig. S5 ) and aggregated temperature (at 27.5 m), wind speed (at 10 m above surface), and MLD from the ocean model on the same spatial resolution. We again tested a purely additive model (equation 3a in Table 1 ) and a varying coefficient model with an interaction between the effects of MLD and wind (equation 3b in Table 1 ).
To account for within-year spatial autocorrelation, we computed 95% confidence intervals of the spatial effects using nonparametric bootstrapping (1,000 samples with replacement) with year as the sampling unit (63) . Statistical significance was determined based on whether the confidence intervals differed from zero during the covariates' range. We used the adjusted R 2 and genuine cross-validation (GCV) (for the spatial analyses) or Akaike information criterion (AIC) (for the time series analyses) to compare models and the relative contributions of model terms (SI Materials and Methods). Predictor variables were at most moderately correlated (rank correlation coefficients <0.5; Tables S2 and S3), the highest being between MLD and wind (both spatial and time series data) and spring temperature and biomass (time series data). All models were formulated in the mgcv library in R (64, 65) , with the random effect specification bs = "re".
Caveats. Some uncertainties in the data and models should be kept in mind when interpreting the results. First, the C. finmarchicus data are not evenly distributed in space and time. Because the seeding of particles in spring was based on the spring survey data, there is more uncertainty in areas and years with reduced sampling effort, and fine spatial structures should be interpreted with caution. The statistical approach used to obtain seeding distributions from survey data certainly smoothed out some of the interannual differences, especially at fine spatial scales, but at the same time reduced noise and bias from unequal sampling. Transport to the edges of the study area in summer might be underestimated, although we reduced this bias by excluding the southernmost stations from the summer data (SI Materials and Methods). Also, the survey does not cover the Norwegian Sea proper, including C. finmarchicus core areas. Our results therefore apply to the highly advective shelf seas in the NS-BS rather than the core distribution areas.
Secondly, although the ocean model hindcast realistically represents hydrography and the main transport patterns in the NS-BS, both ocean current speed and temperature are slightly underestimated (27) . Also, random model noise will generate uncertainties in the analyses and lead to downward bias in estimated effects of predictor variables (66) . We tested to average the environmental variables in the spatial analysis from the first day of drift until the first day of the summer survey (18 d), which, compared with using the first week of drift, resulted in weaker effects of MLD and wind. Possibly, the physical conditions early in the season, as represented by the first week, are particularly important for recruitment to the generation sampled later in summer, whereas conditions later in the season are less important. Alternatively, the difference in the results might be coincidental.
Finally, we restricted both particle drift and summer biomass data to the upper water layer. Because vertical positioning within the upper water can have large effects on drift trajectories (67), we released particles at three different depths. However, although C. finmarchicus is mainly confined to the upper 50 m in spring, older stages (CIV-CVI) might have a deeper distribution, in particular after June when descent to overwintering begins (68) . Focusing on the upper water layer might underestimate observed biomass in the statistical analysis, in particular toward the end of the summer survey.
